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ABSTRACT
Thermoplastic, as a relief image recording ma
terial, has several advantageous characteristics.
All processing is dry, development is almost instan
taneous and in situ, and the recorded image can be
erased and reused. Theoretical studies have shown
that the amount of relief image formed in a ther
moplastic is a function of the thermoplastic thick
ness and frequency of input exposure. This thesis
shows that this relationship is valid under a number
of physical restraints. Results indicate that there
is a thickness to input-signal-modulation interac
tion within the thermoplastic. With variable fre
quency sinusoids as the input, the physical structure
of the relief fringes formed is optimized when the
input modulation is decreased, but there is also an
11
88% decrease in diffraction efficiency. Therefore
higher spatial frequencies can be obtained for the
thinner thermoplastics if a decrease in diffraction
efficiency can be tolerated.
m
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Thermoplastic recording is the recording of
varying irradiance patterns as relief images in a de-
formable plastic. Thermoplastic as an image recording
material has several advantages: All processing is
dry, development is almost instantaneous and can be
done in place, and the recorded image can be erased
and the thermoplastic reused.
The thermoplastic recording medium is designed
as a sandwich structure. (Figure 1)
The thermoplastic recording process is as fol
lows: (Figure 2.)
The thermoplastic surface is given a uniform
charge with a corona-charging device. (Figure 2a)
When exposed, the negative charge in the photo-
conductor layer migrates through the photoconductor
layer to the thermoplastic interface thereby reducing
the surface potential of the thermoplastic layer,
but not significantly changing the electric field
inside of it. (Figure 2b)
The plate is then recharged to the original po
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field difference inside the thermoplastic that is
proportional to the exposure given it. Upon a subse
quent uniform illumination, all internal charges col
lect at the thermoplastic-photoconductor interface and
the total electric field is now across the thermoplas
tic. (Figure 2c)
When heated, the thermoplastic layer softens
and the field across it causes it to deform and create
a relief image. (Figure 2d)
Theoretical studies show that the relief image
formed is a function of the thermoplastic thickness.
This thesis will attempt to confirm experimentally
the dependence of recording ability on thickness.
2. THEORY
2.1. Herbert F. Budd, in a theoretical study, 1/
determined that the response, i.e. rate of deformation
(w) of a thermoplastic recording material to a par
ticular recording frequency, is dependent on the thick
ness of the thermoplastic layer. In his analysis,
Budd considers the dynamic relationships of fluid
flow, which state that the velocity of deformation
of the thermoplastic layer is dependent upon the
resonant frequency, and the thermoplastic thickness.
His analysis shows that the amount of thermoplastic
deformation is dependent upon the recorded frequency
and is a maximum when the recorded frequency is inverse
ly proportional to the thickness of the thermoplastic
layer.
Budd establishes a set of
.boundary
conditions
based on the dynamic relations among velocity of defor
mation, thermoplastic thickness, and frequency.
From these boundary conditions, he obtains an
equation that relates the thickness of the thermoplas
tic to the resonant frequency (wave number) when the
thermoplastic has reached an equilibrium state. The
thermoplastic is in equilibrium when the rate of defor
mation is zero and the thermoplastic is at rest.
The resonant frequency is: 2/
Kpt
= 3CV/V,,)2-. (l2/l) / 4h
(V/V6 ) = normalized voltage
C2 = dielectric constant of air
Si = dielectric constant of thermoplastic
h = thermoplastic thickness
The relationship between the resonant frequency
and thickness can be obtained by inserting the ma
terial constants. For piccopale H-2, , = 2.3. For
air,
= 1.0.
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Therefore, the resonant frequency for a
par-
ticular thickness thermoplastic is defined as:
Frequency = 1/Apt = 1/3. 34h (2.1.1)
The original contention of this thesis was to
expose thermoplastic plates of varying thicknesses to
a sinusoidal interference pattern of a known fre
quency and thereby create a sinusoidal phase grating.
A variable frequency transmittance sinusoidal pattern
centered on the theoretical resonant frequency would
indicate if the thermoplastic material was responding
as theory predicts.
However, after the experimental part of the ex
periment had been completed, further investigations
revealed that Budd's theories were based on frost
pattern (random deformation) reliefs. Using a variable
7
frequency sinusoidal exposure made the deformation
problem considerably more complicated. The following
theory was derived by Mr. Fred W. Schmidlin (in
private communication) of Xerox Corporation (Webster,
New York) and attempts to explain the present situa
tion.
2.2. The geometry as explained by Mr. Schmidlin
is: 4/
CTo ~ <5i> + <& cos(kx)
hTP
It 1 1 1 / 1 1 III,'I'i
1






The surface charge is of the form:
< = < + {(ToCOSiKX) (2.2.1)
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V = hrr ET/J + hp(. Epc
V = hrp C^/^) + h* Oo/^ )
therefore; < =V/(lhTP / T ) +(h rc. / _ ->c ) ) (2.2.3)
The electric field in the thermoplastic prior





= h + $ L cos (kx)
E;
= ^o / =average field
/e ocl and JV0
Once Ey is known, it is substituted into the
generalized force balance equations for the 6-directed
component of the surface stress:
Fy
=
Tk2 Jl cos(kx) -1/2 (E -E ) (2.2.5)
Fy




T = surface tension
c = permitivity of the thermoplastic
m = kh
c = viscosity
6 L = surface variation
A and B are constants in the velocity field;
Vy
= -
sin(kx) (A sinh (ky) +ky (B sinh(ky)+A cosh(ky))
(2.2.7)
Vy= cos(kx)(-B sinh (ky)+ky(A sinh(ky)+B cosh(ky))
(2.2.8')
If Vx
= 0 at y
= h + l cos(kx)
then: A = -B ( (m tanh (m) ) / (m+tanh (m) ) ) (2.2.9)
Substituting equation (2.2.9) into equation
(2.2.6) and solving for Vy leaves:





















t = tanh (m)
Assuming V is constant with time, then;
ft = + (F( % )/w["eiyJ (2.2.11)
Vy and Jl explain the deformation velocity and amp
litude for the developing thermoplastic.
3. The remainder of this thesis describes the
equipment, experimental procedures and results obtained.
Since the data collected, attempts to verify Budd
'
s
theories, it will be presented in that light with com




Thermoplastic plates were prepared at the Xerox
Laboratories in Webster, New York with the use of
their air-driven hydraulic dip coater. The device
11
is air mounted to isolate it from external vibrations
to minimize the problems of obtaining a uniform coat
ing. Five by seven inch glass plate's were scribed
into quarters on one side.
The photoconductor was coated first. It con
sisted of polyvinyl carbazole (PVK) combined with the
spectral sensitizing dye Brilliant Green. This dye
puts the maximum spectral sensitivity at about 64 0nm
which is approximately the radiation of a He-Ne laser,
The thermoplastic layer was dip coated on top
of the photoconductor and consists of Piccopale H-2,
dissolved in iso-octane with a melting point of 97C.
After the thermoplastic had been applied, the plates
were baked at a temperature of 50C for one hour to
evaporate all of the solvent. After coating and dry




rectangles. Coating thicknesses were measured using
































An electric potential must be induced across
the thermoplastic layer before exposure. The plates
are charged using a scorotron corona charging device
(Figure 4) . It is plastic enclosed with an array of
corona wires mounted along the center plane. -A metal
back plate is mounted on one side of the plastic case
with a fine wire mesh grid on the opposite side.
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A 0-1 kv and 0-10 kv D.C. power supply is used
with the scorotron unit. The corona wires are connec
ted to the positive terminal of the 0-1Okv power supply,
The wire mesh grid is connected to the positive ter
minal of the 0-1 kv power supply. The back plate is
grounded.
The thermoplastic plates are mounted in a ground
ed holder attached to the base of the scqrotron.
When the plates are to be charged, the grid surface
is placed one-eighth (1/8) of an inch away from the
thermoplastic surface. Both the thermoplastic plate
and the scorotron are held stationary in this position
during'
charging.
As the corona wire potential is increased to
7kv, a gas discharge (corona discharge) is created
inside the scorotron. Ions from the discharge plasma
drift through the grid and are propelled along the
field lines between the corona wires and the grounded
thermoplastic plate.
For deformation of the thermoplastic to occur
a minimum potential of 50 volts/lA must be induced
across the thermoplastic-photoconductor sandwich. 5/
15
4.3 Electrostatic Voltmeter:
An electrostatic voltmeter is used to measure
the surface potential of the charged thermoplastic
plate. The procedure used was to calibrate the elec
trostatic voltmeter using a uniform metal plate with
a known potential induced on it. A calibration curve
of plate potential vs voltmeter output was derived.
The surface potential of a thermoplastic plate is
then determined using the voltmeter and the cali
bration curve .
v
A direct current Monroe Electrostatic Voltmeter
(Model 1445-4) and probe (Model 1119B) were used.
The probe was mounted within a grounded shield and
connected directly to the grid of the electrometer
tube. The sensitivity of the electrostatic voltmeter
is a function of the ratio of the capacity of the
probe to the thermoplastic surface, and of the probe
to ground. The potential measurements obtained from
the electrostatic voltmeter are determined by the
potentials on the surface area that the probe
'sees'
electrically.
The electrostatic voltmeter was calibrated by
placing a metal plate of different preset potential
16
a quarter (1/4) inch away from the probe surface.
For each plate potential an output measurement was
recorded and a calibration curve (Figure 5) was drawn.
In communicating the results, the milli-volt measure
ments were converted to volts.
4.4. Scorotron Calibration :
The scorotron unit was calibrated so that the
thermoplastic plates could be charged to a preset
*
potential for each thickness. By calibrating the in
strument, corona wire potential and amount of charge
time required for each plate could be determined before
hand. The calibration was accomplished by charging
an uncharged thermoplastic plate with the scorotron
for different times and different corona wire poten
tials. After each charging the plate potential was
measured with the electrostatic voltmeter. A family
of curves comparing plate potential vs. charge time
for different corona chargings was plotted. (Figure 6)
5. EXPOSURE
The thermoplastic plates were exposed to sinu
soidal interference patterns of: 1) constant fre
quencies, or 2) variable frequencies. They were ob
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provided a way for the spatial frequency to be easily
changed. The different spatial frequencies used
correspond to the theoretical peak response values
for different thermoplastic thicknesses as described
in equation (1.2).
Two plane waves were made to interfere at the
thermoplastic surface to produce a constant sinusoidal
pattern. (Figure 7) The frequency, f, o the sinu
soidal pattern was controlled by the angle (0) between
the interfering beams, f=2/X sin (0/2) . The frequency
of the pattern on the developed plates was measured
with a Bausch and Lomb microscope (43 x obj . , Filar
Micrometer Eyepiece) , which was previously calibrated
using an 0.01mm stage micrometer. (Appendix A) .
The fringes were also measured prior to exposure
by using a telescope (43 x obj . Filar eyepiece) and
measuring the fringe spacing in the interference
(frequency) plane. A 2.0 neutral density filter was
placed over the laser to reduce the intensity of the
interfering beams while viewing through the telescope.
Variable frequency sinusoidal patterns were pro
duced by modifying the above interferometric arrange
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plane wave to produce spherical waves. The inter
ference of a plane wave and a spherical wave produced
a variable frequency pattern over the desired area
of the thermoplastic plate.
Theoretically, this is shown by:
h*ha +Ak




2 2. 2 2.
X-ZJLt y = k Al
for. Sma.ll finales 1
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The field in amplitude (assuming both waves
have same amplitude) is:
iKh'/ijL
1 + e
In intensity: i /. / o
x M = I \ + e /
-
( i + e
'
) ( / + e ;
= 2 + e + e
Since
>6^ =
cos ^ * L sw $
e
-
cos 4> - < sw <t>
therefore,
1(h) = ^2c.s fif)
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Finally,
= constant for a particular position
2-JL in the pattern
K 4 II is small for small A h
and
2 77 ha & (\ has a frequency proportional
XjL to h around a particular po























The modulation of the variable frequency patterns
is given by the formula m=2 ( \f I, T ) / ( I , ?Ii ) (5.1)
It is derived from: m = (Imax - Imin)/(Imax + Imin) .
For the following derivation,
"I"
(solid line)
equals the intensity of each plane wave and
"A"




















- (1-2A,Aa/ (A^ +A^ ))
(1+2A,A2/(A*
+A^ )) +
(1-2A.A2AA,1- + A^ ))
m=
4A,A2/2(Af + A2 ) since
I=A2
m =ZVl, V (X,--^)
6. DEVELOPMENT
Relaxation of the thermoplastic to form relief
images is accomplished by heat development as the
thermoplastic is exposed to a uniform illumination.
Hot air was directed at the surface of the plate
using a commercially available hot air blower often
used to soften tiles for tile floors. The entire plate
was heated although only an inch diameter area in the
center of the plate was exposed. This attempted
25
to achieve uniformity over the exposed area. Hot air
was used so that the plate would not have to be moved
and the rate of development could be monitored. The
amount of development must be monitored to determine
when the thermoplastic reaches equilibrium and the
deformation stops. Continued heating would return
the thermoplastic to its original state.
The degree of development was determined for each
plate by radiating the plate with a plane wave and
monitoring the intensity of the central (Oth) order
of the diffraction pattern as the plastic deformed.
Monitoring was done with a Gamma Scientific Inc. model
700 log-linear photometer equipped with a general
purpose photomultiplier head, model 7001. (Figure 9)
As development continued and more of the sinusoi-.
dal phase grating was formed (i.e. the amount of defor
mation increases) there was a decrease in the central
order intensity. The plate was heated until the cen
tral order intensity reached a minimum and the thermo
plastic had stopped deforming.
Goodman 6/ expresses the intensity distribution
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m = peak-to-peak excursion to the phase delay
in radians
X. = aperture width
z = observation distance
q
= order of Bessel function and diffraction order
For the zero order component, the intensity







The introduction of a sinusoidal phase grating
has deflected energy out of the central (zero) order
component, and into the higher order components. There
fore, the intensity of the central order decreases as
(m/2) increases. Figure 10 graphically illustrates
this: at m/2 = 0, the central order (q = o) intensity
is at its maximum and the first order (q=l) is at its
minimum.
As (m/2) starts to increase (deformation begins)
the central order starts to decrease and the first
order starts to increase. When the central order
reaches its first minimum, the first order is at its
maximum. This is where development was halted.
28





Diffraction efficiency was used to determine which
frequency was optimally recorded by the thermoplastic.
Diffraction efficiency is defined as the measured
first order diffraction intensity, divided by the in
tensity of an undiffracted beam which has passed
through an unexposed portion of the plate. This divi
sion will compensate for the absorption due to passing
the beam through the glass plate.
Using the first order intensity as a measure of
the formation of each frequency in the thermoplastic
is based on the argument used for the development of
2
the plates. The J. (m/2) curve between (m/2) = o
and its first peak at (m/2) =2 is approximately linear.
Therefore, an increase of the first order intensity
represents an increase in the formation of the phase
grating, and a decrease represents less formation.
The apparatus in Figure 11, was used to measure
the first order intensity of the variable frequency
plates .
An aperture was placed in front of the plane
wave emitted from the collimating lens, so that each
plate could be radiated over a small area. The ther
moplastic plate was mounted on a moveable scaled car
































The diffracted energy was collected by a conver
ging lens (focal length = 3") and imaged first onto
a ruled scale with
1/16"
increments, and then onto a
photomultiplier .
The first order was imaged onto a ruled scale
first, in order to set up a relationship between the
displacement of the first order diffraction and the
lateral movement of the thermoplastic plate.
The position of the plate was recorded for each
1/16"
increment, so that the plate could be returned
to the same place when the photomultiplier was in
position. Knowing the amount of displacement of the
first order from the ruled scale, the sinusoidal fre
quency was calculated by the formula:
f = d/qX
f = frequency of fringes
D = displacement between qth order and zero order
q
= number of order
_X
= wavelength
z = observation distance
=3"
The ruled scale was then replaced by the photo
multiplier head, and an intensity measurement was made
at each of the previously recorded positions. This pro
vided data for a frequency vs. diffraction efficiency
,
32
graph. The maximum point on the curve corresponds
to the resonant frequency for the particular thermo





The theoretical values for resonant frequency
vs. thermoplastic thickness are in Table 2.
TABLE 2
THEORETICAL RESONANT FREQUENCIES









Each thermoplastic plate was exposed to a vari
able frequency centered around the
theoretical value.
The two beams were interfering with a modulation of
99%.
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The plates were exposed, developed, and stored
until all plates, 0 . 25><k through 3.07^thad been pro
cessed. The diffraction efficiencies were measured
and recorded. All data was twice replicated.
It was observed on the first run that the 0.25,4.
and 0.6/4 plates were responding with complete frost
(random) deformation. It was observed earlier that
frost occured when the plates were either over-charged
by a large amount, or the spatial frequency was out
of the range for that thickness plate. The recorded
spatial frequency for the 0 . 25X and 0.6x4. plates was
slowly reduced until a diffraction grating was pro
duced. The diffraction efficiencies of the first run
are shown in Table 3 and Figure 12.
Figure 13 is a graph comparing the theoretical
resonant frequency vs. the experimental resonant
frequency for each thermoplastic thickness. The ex
perimental values start to depart from the theore
tical curve as the thermoplastic layer gets thinner.
Because of this deviation, photographs were taken with
a micro-camera (40 x obj., 10 x eyepiece) of the 0.25^
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Figure 14
It appears that the 0.25/*. thermoplastic fringe
pattern is being distorted and not being allowed to
deform properly. This problem may be due to the modu
lation of the fringe pattern. At 99% modulation, the
very thin layers of thermoplastic may be slipping
along the base plane, or the bottom of the deformed
sinusoidal wave may be flattening out on the
photo-
conductor-thermoplastic interface. The basic boundary
conditions of both Budd and Schmidlin would not be
holding if this were the case. To determine theo
retically if the amount of deformation is approaching









T = peak to peak distance
Phase difference =m=( 2 IT / ^ ) * (optical
path differ
ence)
m= (2TT/X)' (OPD) = (VX) 2TT(n , -n0)




T = mX/2 77 (n-l)
To find T, m must be known. Since the diffrac
tion pattern intensity is proportional to the peak
intensity of the first order component:
o
J. (m/2) = lst order intensity after development
total undiffracted energy
Calculating this ratio and using a table of
2.
J, (x) a value of
'm'
can be found.
For example, if J, (m/2)
= 0.23, then (m/2)=1.14




T = m X = 2.28 (632.8 x 10 mm)
2n(n-l) 2 TT (1.5-1)
T = 0.46 x 10~^mm = 0.46x*_
T/2 = 0.23A.



















1.14 2.28 0.46 0.23
1.02 2.04 0.41 0.20
0.89 1.78 0.36 0.18
1.21 2.42 0.49 0.24
0.89 1.78 0.36 0.18
0.85 1.70 0.34 0.17
0.68 1.36 0.27 0.14
Since the calculated deformation is very close
to the actual thickness for the 0.25^t and 0 . 6 ^
plates, the photographs are
supported in the theory
that the thermoplastic is being distorted at the
thermoplastic-base interface.
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To test this hypothesis, a series of exposures
were made on the same thickness thermoplastic (0.6 ),
but at 99%, 90, 74, 50% modulations. The results
are shown in Figure 15. There is a statistically
significant increase in resonant frequency (95% confidence) ,
as the modulation is decreased. However, the diffraction
efficiency of the phase gratings decreased markedly
as the modulation decreased.
A repeatability study was also run at this time.
The results, (Figure 16) show a variation in diffrac
tion efficiency for each of the three runs, but the
resonant frequency was the same for each run.
As a result of the above information, i.e. modu
lation has an effect on resonant frequency, the exper
imental design in Figure 17 was used to test the hy
pothesis that there is an effect due to differences
in modulation. This test will also indicate if there
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526 428 263 230 131 98 98
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Typical data collected for 74% modulation is in
Table 5, and shown in Figures 13 and 18.
The analysis of variance (ANOVA) , Appendix B,
reveals that there is a significant difference with ,
90% confidence between the values of resonant fre
quency at 99% modulation and at 74% modulation. The
analysis indicates that as the modulation is decreased
from 99% to 74%, the differences in resonant frequen
cies are due to something other than experimental
error.
The interaction between modulation and thermo
plastic thickness is highly significant with 95% con
fidence. The Fischer-F test statistic is 11.99 where
significance is F=2.84 @ 95%. This interaction in
dicates there is a 95% likelihood that as the ther
moplastic thickness decreases, the effect of modulation
of the interference pattern becomes more important
in J:he deformation of the thermoplastic. Figure 19
































































































































































































Results of experimentation indicate that Equa
tion (2.1.2) is accurate in predicting the resonant
frequency within certain limitations. As the thermo
plastic thickness approaches 0.6,-^-or less, the bound
ary conditions which govern the thermoplastic defor
mation start to fail for high modulations. The amount
of deformation approaches the actual coating thick
ness, and distortion occurs. At this point, the ex
perimental values begin to differ from the theoretical
values. However, with a decreased modulation, there
is an increase in the quality of the fringes formed,
and the resonant frequency detected, but there is an
88% decrease in diffraction efficiency. The diffrac
tion efficiency drops as the modulation goes from
99% to 54% modulation. Although the resonant fre
quency and quality of the fringes increase, the amount
of deformation is less which would cause the decrease
in diffraction efficiency. Therefore, higher resonant
frequencies for the thinner thermoplastics can be
obtained if a decrease in diffraction efficiency can
be tolerated.
APPENDIX A






1. Moving the Filar micrometer eyepiece hairline
'x'
number of divisions to measure 0.01 mm spacing determined a
value for the number of mm/div. on the filar eyepiece.







Number of divisions moved on film eyepiece wheel
average = 43 divisions
Therefore, 0.01mm/43 div-
= 0.0002325 mm/div-
2. To measure the number of fringes/mm on an exposed
and developed plate, the eyepiece hairline was moved over a
bar and space interval and the number of divisions recorded,
i.e.
average = 8 divisions





Analysis of variance of resonant frequency as
dependent on thermoplastic thickness and percent modu
lation of interfering beams:
Model:













.06 1.0 1.3 2.1 2.5 3.0
526 395 263 230 131 98 98
526 428 263 230 131 98 98
460 329 230 164 164 98 98
460 329 263 164 131 98 82
SOURCE SS
ANOVA TABLE





1 7072.3 /HS>\Z6-y<4 (MxTP)
4.69*
6 89672.3 V<r/ ^4'fe (MxTP)
59.4*
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